The purpose of this study was to validate a method for measuring vitamin K isomers in rat tissues by liquid chromatography (LC) with fluorescence detection after simple solvent extraction. This method uses separation on a C 30 column, followed by zinc reduction and fluorescence measurement (243 nm, excitation; 430 nm, emission) to detect and quantitate vitamin K isomers. We were able to separate cis-and trans-vitamin K 1 in methylene chloride extracts of homogenized rat livers and in hexane extracts of rat plasma. Tissue extracts were evaporated and rediluted with tetrahydrofuran-methanol (1 + 1) or methanol before being injected under isocratic conditions onto the LC column. Liver tissue of Fischer 344 rats fed a vitamin K 1 -containing diet ad libitum contained approximately 20 and 60 ng/g cis-and trans-vitamin K 1 , respectively. Mean recoveries of vitamin K 1 isomers from spiked liver were 92 ± 11% for cis-vitamin K 1 and 106 ± 5% for trans-vitamin K 1 . We recovered 96 ± 8% of trans-vitamin K 1 added at 1, 3, and 6 ng/mL to plasma (containing an endogenous level of 4 ng/g) from the same rats; we recovered 112 ± 5% when trans-vitamin K 1 was added to human serum (National Institute of Standards and Technology Standard Reference Material 968C). This direct method shows significant potential for the selective measurement of vitamin K 1 isomers in tissues.
V itamin K is a cofactor in the carboxylation of glutamyl residues on certain proteins to form gamma-carboxyglutamyl residues. The identification of vitamin K-dependent carboxylases and proteins in various tissues and organisms has established the importance of this vitamin throughout the animal kingdom (1) (2) (3) (4) . Animals most frequently consume the predominant, plant-derived trans-vitamin K 1 . Vitamin K 2 is primarily of bacterial origin, and its conjugates are commonly referred to as menaquinones, whereas vitamin K 3 (2-methyl-1,4-naphthoquinone) is a synthetic form. These latter forms of vitamin K may also fulfill some or all mammalian requirements (for example, blood coagulation or calcium homeostasis in bone). Although trans-vitamin K 1 is the predominant natural form of vitamin K 1 , both geometric isomers (cis-and trans-vitamin K 1 ; Figure 1 ) may be present in foods (5) (6) (7) (8) and dietary supplements. The cis isomer has little, if any, vitamin K activity (9, 10) . Thus, there is a need to selectively measure these isomers in tissues.
Before the use of liquid chromatography (LC) with electrochemical or fluorescence detection, ultraviolet (UV) detection was the method of choice for quantitating vitamin K. LC with UV detection, used to measure the individual forms of the vitamin, offered more selectivity than the traditional chick bioassay commonly used to measure vitamin K status. Normal-phase chromatography with UV detection has the ability to separate cis-and trans-vitamin K 1 (7, 11) . Many researchers have used normal-phase chromatography to eliminate UV-absorbing interferences and to collect the biologically active trans isomer for subsequent quantitation on a reversed-phase column (12) (13) (14) . More recent methods (15) (16) (17) detect vitamin K by electrochemical techniques or fluorescence detection after post-column reduction; these techniques provide greater selectivity and sensitivity, when compared with UV detection. Although fluorescence and electrochemical LC methods have almost universally required reversed-phase elution conditions, the conventional C 18 columns typically used have been unable to separate the cis-and trans-vitamin K 1 isomers.
In this paper, we present data to validate an LC/fluorescence method using a C 30 reversed-phase column. This column, originally developed at the National Institute of Standards and Technology (NIST) to resolve geometric isomers of carotenoids (18, 19) , has the potential to separate cis-and trans-vitamin K 1 in tissue extracts. Overall, the method is unique because it uses no solid-phase cleanup, or internal standards, before the extract is loaded onto the analytical column. 
METHOD

Apparatus
Reagents and Standards
All reagents are analytical-reagent grade unless otherwise stated. Caution: Consult safety data sheets or labels for additional information on safe handling, toxicity, and flammability of these chemicals. 
Rat Liver and Plasma
Viral antibody-free male weanling, Fischer 344 rats were obtained from Harlan Sprague-Dawley, Inc. (Indianapolis, IN) . Overall animal care conformed to guidelines set forth in the Guide for the Care and Use of Laboratory Animals (22) . Animals were given free access to diets containing vitamin K 1 at 750 µg/kg (AIN-93G diet). After the end of the 8-week feeding period, rats were killed by carbon dioxide asphyxiation, and blood was collected from the inferior vena cava in syringes coated with 15% ethylenediaminetetraacetic acid (EDTA) solution. Plasma was obtained by centrifugation. Liver was excised and weighed. Deprived rats had food withheld overnight. 
Sample Extraction
Note: Conduct all analyses under subdued lighting. Accurately weigh ca 0.5-1.0 g liver tissue into a vial able to hold ≥20 mL. To each vial, add 2 mL absolute ethanol and 10 mL methylene chloride containing BHT. Homogenize each sample for ca 30 s, using the Polytron at a setting of ca 25.6. Clean probe between samples. Filter each sample homogenate into a labeled tube, using 0.45 µm microfiber autovial filters (tube should be able to hold ≥12 mL). Transfer 8 mL of each extract to a small screw-cap tube (13 × 100 mm, or another suitably labeled tube), and evaporate to dryness under nitrogen. Store all samples at -80°C until ready for LC analysis. Before LC analysis, dissolve each sample in 1 mL solvent A. The retention times of vitamin K 1 standards dissolved in solvent A and in methanol are the same. Analyze plasma taken from rats by the method of Bieri et al. (23) .
Extraction of trans-Vitamin K 1 from NIST Standard Reference Material 968C
Reconstitute lyophilized serum by adding 1 mL LC grade water, agitating for ≥3 min in an ultrasonic bath and mixing on a Vortex mixer for 10 s. Pipet 200 µL aliquots of serum into glass test tubes. Add 1 mL hexane to each test tube, and mix samples on a Vortex mixer for ≥45 s. Remove supernatants, and place them in miniature glass test tubes. Repeat extraction process, remove supernatants, and combine them with those of the first extraction. Evaporate combined extracts under stream of nitrogen, and reconstitute in methanol-THF (1 + 1). Then mix reconstituted extracts on a Vortex mixer for 45 s to ensure dissolution and, using pipet, transfer to spring-insert vials; place on autosampler.
Confirmation of Identity of Vitamin K 1 Compounds
Remove zinc-reducing column, and repeat analysis of sample to verify that peaks in the region of cis-and trans-vitamin K 1 are no longer visible. A normal extract of plasma from rats prevented from feeding for 16 h should contain negligible levels of cis-and trans-vitamin K 1 and may be used as a matrix blank. Therefore, when such extracts are analyzed, insignificant levels of the vitamin K 1 isomers should be apparent without preliminary concentration.
Quantitation
Perform linear regression on multiple standards to determine the standard curve for trans-vitamin K 1 , using Millenium software, and obtain the trans-vitamin K 1 concentrations for each sample. Calculate cis-vitamin K 1 using linear regression forced through 0.
Results and Discussion
The recoveries of cis-and trans-vitamin K 1 added to plasma and liver of rats consuming a diet ad libitum and to NIST human serum 968C are summarized in Table 1 . Plasma samples were spiked with a standard, which contained approximately 14% cis-vitamin K 1 . Although the cis peak was very small and could not be quantitated consistently, it was detected in both the spiked and unspiked plasma. Approximate recoveries of concentrations of 0.8, 0.4, and 0.2 ng cis-vitamin K 1 , when quantitated, were 51, 84, and 57%, respectively (results not shown). These low recoveries are due to the low concentrations of this isomer, which approached the detection limit.
Plasma from rats prevented from feeding for 16 h had much lower levels of trans-vitamin K 1 , averaging 0.33 ng/mL, and required preconcentration before analysis. During analysis of some liver extracts, we encountered interference in the vitamin K 1 region of the chromatogram, as illustrated in Figure 2 , obtained with the described mobile phase (Figure 3 is a chromatogram of the standard) . However, chromatographic resolution was achieved, free of interferences, with a modified eluant containing a higher acid content, as shown in Figure 4 for the same extract of composited liver tis- sue. This more acidic mobile phase may be useful if these types of interferences from the extraction process are encountered. Figure 5 is a chromatogram of an extract of liver tissue from a rat prevented from feeding for 16 h, indicating a cis-vitamin K 1 content comparable to the trans-vitamin K 1 content. Knauer et al. (26) reported evidence of a significant difference in hepatic retention of the 2 isomers; when only radioactive cis-vitamin K 1 was fed to rats, the rate of disappearance of the isomer from the liver was slower than when only radioactive trans-vitamin K 1 was fed to rats. In a recent study of the effects of a lutein supplement on tissue vitamin K 1 (27) , we observed increasing levels of the cis isomer in liver and heart tissue with increasing concentrations of the supplement. We have not formally studied the effect that prevention of feeding for 16 h has on the liver in rats, but we raise the possibility that this observation may reflect the slower turnover rate of cis-vitamin K 1 in the liver, as reported by Knauer et al. (26) . We caution researchers who measure total (cis + trans) vitamin K 1 , because such data may give apparently higher values of the bioactive form of vitamin K 1 and thus underestimate the impact that the treatment under investigation has on vitamin K 1 distribution in the tissue.
Precision and Detection Limit
Five times the standard deviation of the lower cis peak heights (n = 9) was calculated to be equivalent to 0.057 ng/mL, which is the detection limit. Ten determinations of a trans-vitamin K 1 standard (7.77 ng/mL) had a coefficient of variation of 1.9% peak height. Table 2 lists trans-vitamin K 1 results from determinations of the same 12 extracts 1 month apart. The average repeatability relative standard deviation (RSD r ) of 7.3% is lower than 1/2 the value of 45% (22.5%) for concentrations of 10 -9 listed in the "Harmonized Protocols for the Adoption of Standardized Analytical Methods and for the Presentation of their Performance Characteristics" (28) . If we eliminate the first set of values with an RSD r of 30%, which is >4σ, the average RSD r decreases to 5.2%. Table 3 represents analyses of livers from 34 rats for trans-vitamin K 1 content performed 1 year apart. A paired t-test was performed. Although the paired t-test showed a significant difference in mean values between the initial analyses and those performed 1 year later (10.97 versus 9.34), the difference may not be of biological significance; 86% of the RSD r values are below 2/3 of the value set forth in ref. 28 for within-laboratory method performance at concentrations of 10 -9
. The 14% with RSD r values above this value are disproportionately among the higher concentrations. These variations may be attributable to dietary treatments, extraction techniques, or chromatographic conditions [a scrubber column was added after the pump in the second analyses (29) and improved chromatographic resolution].
Conclusions
This fluorescence method successfully uses C 30 column chromatography to selectively detect the 2 geometric isomers of vitamin K 1 , cis and trans, in biological tissues. We have also shown that the cis component can accumulate in tissues such as the liver, and its presence may lead to an overestimation of the biologically active form of vitamin K 1 when measured as total vitamin K 1 (cis + trans) by conventional C 18 chromatography.
